ABSTRACT We investigate robust multigroup multicast transmission for frame-based multi-beam satellite communication systems with full frequency reuse. To mitigate the effect of outdated channel state information (CSI), we first investigate robust multigroup multicast precoding that maximizes the minimum average signal to interference plus noise ratio (SINR) under the per-beam power constraints. We show the relationship between the robust max-min fair problem and the robust power minimization problem with partial CSI and propose a low complexity precoder for the robust power minimization problem. We then investigate user clustering which only requires partial CSI. We show that the approximated average SINR can be maximized provided that the estimated channel vectors of the users in the same cluster are linearly dependent while those in different clusters are mutually orthogonal. Motivated by this user clustering condition, we further propose a low-complexity user clustering algorithm. Simulation results demonstrate that the proposed robust approach can provide substantial performance gains over the conventional approach in multi-beam satellite communication systems.
I. INTRODUCTION
Due to the high throughput demand of future satellite communication systems, the multi-beam architecture has been generally adopted in the satellite communication systems to provide services to users in the wide coverage area. While the currently deployed multi-beam satellite communication systems reuse the bandwidth in a multi-color pattern to reduce the inter-beam interference (IBI) [1] , the increased throughput demand has motivated a consideration of more aggressive frequency reuse [2] . With aggressive frequency reuse among beams, adjacent beams suffer from severe IBI and thus interference mitigation approaches become mandatory.
There are two major kinds of interference mitigation approaches [3] . One approach is to perform multiuser interference detection and cancelation at the user side while another approach is to mitigate the multiuser interference at the transmitter (satellite) side. In this work, we focus on the linear precoding approach due to its near-optimal performance on achieving capacity as well as relatively low complexity [4] .
Several practical challenges need to be addressed to implement precoding in multi-beam satellite communication systems. First, the framing structure of existing satellite communication standards, e.g., DVB-S2 [5] and DVB-S2X [6] , require that the same precoder is applied to multiple users in the same frame and thus, the frame-based optimal precoding design can be formulated as a multigroup multicast optimization problem [7] . Second, the on-board limitation of power sharing across beams in multi-beam satellite communication systems require that the per-beam power constraints should be taken into account in precoding design. Third, perfect channel state information at the transmitter (CSIT) is usually difficult to obtain due to, e.g., the long propagation delays in satellite communication systems and it is of practical importance to design the precoder robust to the channel imperfection [8] . Motivated by the above mentioned practical considerations, we investigate robust multigroup multicast transmission for frame-based multi-beam satellite systems in which our focus lies on the robust multigroup multicast precoding and user clustering.
A. PREVIOUS WORKS
For multigroup multicast precoding, two design criteria, namely the maximization of the minimum signal to interference plus noise ratio (SINR) (the max-min fair problem) and the power minimization under specific quality of service (QoS) constraints (the power minimization problem), are widely considered. Assuming the perfect CSIT case, the maxmin fair problem was investigated under the sum power constraint in [9] - [11] and the per-antenna power constraints in [12] , respectively.
Compared to the terrestrial counterparts, satellite communication systems usually have much larger signal propagation delays and perfect CSIT is usually more difficult to obtain. Nevertheless, unlike the delay characteristics, the channel amplitude variation can be almost neglected in satellite communication systems. Thus, the satellite channel variation can be modeled using the channel phase uncertainty [13] . With a focus on the scenario where independent symbols are sent to different users, the expectation-based and outage-based robust approaches were adopted to address the satellite channel phase uncertainty in [13] and [14] , respectively.
User clustering in multi-beam satellite communication systems was investigated in previous works. For example, a semi-orthogonal user clustering algorithm which allocates orthogonal users in different frames and users with similar channels in the same frame was proposed in [7] . In addition, a k-means-based user clustering algorithm which can provide a flexible cluster size was proposed in [15] . However, most of the existing works were based on the perfect CSI assumption [15] - [18] .
B. CONTRIBUTIONS
In this paper, we investigate the robust multigroup multicast transmission for frame-based multi-beam satellite communication systems and we focus on the issues of robust multigroup multicast precoding and user clustering. The major contributions of this work are summarized as follows 1 :
• We introduce a channel model with the channel phase uncertainty taken into account for multi-beam satellite communication systems.
• We propose robust precoding for multi-beam satellite communication systems to deal with the channel phase uncertainty. In particular, we first show the relationship between the robust max-min fair problem and the robust power minimization problem with partial CSIT and then 1 Portions of this work previously appeared in the conference paper [19] .
propose a low complexity precoder for the robust power minimization problem.
• Furthermore, we propose user clustering which only requires the knowledge of partial CSI for multi-beam satellite communication systems. Specifically, We show that the approximated average SINR can be maximized provided that the estimated channel vectors of the users in the same cluster are linearly dependent while those in different clusters are mutually orthogonal. Motivated by this, we then propose a low complexity user clustering algorithm.
C. NOTATIONS
Some of the notations used in this paper are listed as follows:
•  = √ −1 denotes the imaginary unit.
• Upper and lower case boldface letters denote matrices and column vectors, respectively.
• R m×n and C m×n denote the m × n real and complex matrices, respectively.
• I N denotes the N × N dimensional identity matrix, and the subscript is sometimes omitted for brevity.
• X 0 denotes that X is positive semidefinite.
• (·) † , (·) T , and denote Hermitian conjugate, transpose, and Hadamard product operations, respectively.
• diag(x) denotes the diagonal matrix with x along its main diagonal. Tr (·) denotes the matrix trace operation.
• E{·} denotes the expectation operation. N (a, B) and CN (a, B) denote the real-valued Gaussian distribution and the circular symmetric complex-valued Gaussian distribution with mean a and covariance B, respectively.
• |B| denotes the cardinality of the set B.
• x = √ x † x denotes the 2 -norm of x.
• [A] m,n denotes the (m, n)th element of A, where the element indices start from 1.
• exp{x} denotes the exponential of the elements of x.
• denotes ''be defined as''. ∼ denotes ''be distributed as''.
D. PAPER ORGANIZATION
The rest of the paper is organized as follows. Section II presents the system model. Section III investigates multigroup multicast precoding and user clustering robust to channel phase uncertainty. Simulation results are shown in Section IV and Section V concludes the paper.
II. SYSTEM MODEL
In this section, we will first establish the multigroup multicast transmission model and then introduce the channel model with the channel phase uncertainty taken into account for multi-beam satellite communication systems.
Consider a multi-beam satellite communication system with full frequency reuse, where N t beams simultaneously serves N u users, each with a single antenna. The single gateway (GW) delivers certain data to users under the coverage area by first the feeder link and then the satellite. The feeder VOLUME 6, 2018 link is assumed to be ideal and the satellite is equipped with an array fed reflector to transform the feed signals into the transmitted signals over different beams. Fig. 1 shows the multi-beam satellite communication systems configuration. An array fed reflector consists of a feed array, a reflector antenna, and a beamforming network. Electromagnetic waves radiated from the feed array will be reflected by the reflector antenna and brought into different spot beams, which can be weighted and superposed by the beamforming network to generate multiple directive beams [20] . In this paper, we focus mainly on linear precoding in the beam domain, while the effects of beamforming has been included in the channel modeling as can be seen later.
A. MULTIGROUP MULTICAST TRANSMISSION MODEL
By defining a single multicast cluster per beam, a total of K = N t multicast clusters are assumed. We denote the kth multicast cluster as U k where k ∈ {1, . . . , K } is the cluster index. In other words, the kth beam serves the users clustered in set U k simultaneously at a given time instant. Note that each user belongs to only one cluster, i.e.,
The signal received by the ith user in cluster U k can be expressed as
where h i ∈ C N t ×1 is the downlink beam domain channel vector from the N t beams to the ith user, w k ∈ C N t ×1 is the beam domain precoder for cluster U k , s k is the signal intended for cluster U k with unit power, i.e., E{|s k | 2 } = 1, and n i ∼ CN (0, N 0 ) is the circular symmetric complex-valued Gaussian white noise. Note that the radiation power from the nth beam is given by
B. CHANNEL MODEL
The downlink channel vector between the satellite and the ith user in the beam domain can be modelled as [2] , [14] 
where ψ i is the large scale fading coefficient,
T denotes the far-field beam radiation pattern [21] ,
T is the rain attenuation coefficient vector with the elements obeying lognormal distribution [22] , and
T represents the channel phase components which are independently and uniformly distributed between 0 and 2π [18] . Note that the amplitudes of the channel elements are determined by the large scale fading coefficients, the beam gain and the rain attenuation coefficients, which can be assumed to remain constant over the interval of interest [14] . However, the variations in the channel phases are rapid due to a number of time varying components. For example, the use of local oscillators onboard and commercial-grade low-noise block down-converters at the receiver can lead to a random phase noise on the channel [17] . In addition, the tropospheric fading effects contribute more to the channel phase variations rather than the amplitude. These time varying phase components are modeled as exp { θ i } in (2) .
Due to the invariance of the amplitude over the interval of interest, we focus on modeling the channel phase uncertainty in the following. The amplitudes and phases of the channels are estimated at t 0 by the ith user and fed back to the GW. Then the CSIT is used at instant t 1 after the propagation delays plus the processing delays [17] . The channel phase at instant t 1 can be modeled as
where e i [e i,1 , e i,2 , . . . , e i,N t ] T is the channel phase error distributed as e i ∼ N (0, σ 2 i I) and σ 2 i is the variance of the phase error [14] , [17] . Letĥ i denote the estimated channel at instant t 0 and h i the actual channel at instant t 1 , then the actual channel h i can be modeled as [13] 
where
We let Q i q i q † i , then the correlation matrix of q i can be represented as
A property on the correlation matrix A i is presented in the following proposition. Proposition 1: The elements of the correlation matrix A i are given by
Proof: Please refer to Appendix A. The result in Proposition 1 will be useful in later analysis. 
III. ROBUST MULTIGROUP MULTICAST TRANSMISSION
Based on the introduced system model, in this section, we investigate robust multigroup multicast transmission for frame-based satellite communication systems. We focus on robust multigroup multicast precoding and user clustering.
A. PROBLEM FORMULATION
From the signal model in (1) , the SINR at the ith user in cluster U k can be represented as
As noted in the above section, the channel vectors {h i } are difficult to be accurately known. Using an expectation-based robust approach, we investigate the robust multigroup multicast transmission. We first consider the problem of maximizing the minimum scaled E{SINR i } of all users under the per beam power constraints, which can be formulated as
where t ∈ R + , P n is the power constraint imposed on the nth beam, and 1/γ i is the weight factor for the ith user. Note that we adopt the expectation of the SINR in the robust problem formulation. By defining the power constraint vector p = [P 1 , P 2 , . . . , P N t ] and the target average SINRs vector v = [γ 1 , γ 2 , . . . , γ N u ], the optimal solution of problem F is represented as t * = F(v, p) and the associated optimal precoders are denoted as {w F k } K k=1 . We focus on the case where users in different clusters share the same threshold in the following and we denote
We then consider the power minimization problem under the QoS constraints, which can be formulated as
with r ∈ R + . Problem Q introduces a slack variable r to constrain the power consumption of each beam. We denote the optimal value and optimal solution of problem Q as r * = Q(v, p) and {w
, respectively. The relationship between problems F and Q are shown in the following proposition.
Proposition 2: The relationship between the robust maxmin fair problem F in (9) and the robust power minimization problem Q in (10) is given as follows:
Proof: Please refer to Appendix B. Note that the relationship between the fairness and the power minimization problem for multicast clusters under the perfect CSI assumption has been established in previous works such as [9] and [30] . Our result in Proposition 2 differs in that we adopt a robust approach with two practical issues involved in frame-based satellite communication systems, namely the channel phase uncertainty and the per-beam power constraints, taken into account.
In view of the relationship between problems F and Q, a solution to the original weighted max-min fair can be derived by bisecting the solution of the power minimization problem [9] . In the following, we focus on investigating the optimal precoding vectors {w k } K k=1 by solving problem Q. The relaxation of problem Q in Section III-B is obtained by dropping the nonconvex rank-one constraints, which will be dealt with in Section III-C.
B. SEMIDEFINITE RELAXATION
Problem Q belongs to a general class of quadratically constrained quadratic program for which semidefinite relaxation is proved to be an efficient approximation technique [23] . Denote W k w k w † k , the SINR at the ith user in cluster U k in (8) can be rewritten as
where R i ∈ C N t ×N t is the instantaneous channel correlation matrix given by
Then problem Q in (10) can be relaxed to the following problem Q r
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where r ∈ R + . Note that compared with problem Q, the rank constraint rank(W k ) = 1 is relaxed in problem Q r . Note that the average SINR expression can be well approximated by [14] , [24] 
Then the constraint E{SINR i } ≥ γ th can be rewritten as
where instead of the instantaneous channel correlation matrix R i , the long-term channel correlation matrix E{R i } is used to achieve the robustness. We denote the long-term channel correlation matrix as
where A i is defined in Proposition 1. Then, by defining Z k W k − γ th =k W , the constraint in (17) can be rewritten as
With the above transformation, the robust multigroup multicast power minimization problem can be formulated as
Problem Q f is a standard convex optimization problem and can be efficiently solved [25] .
.., K denote the optimal solution of problem Q f . If rank(W opt k ) is equal to one, which is usually the case of unicast scenario with independent data transmission to all users, principal eigenvalue and eigenvector can be used to form the optimal weight vector to the original problem Q [10] . However, in the multicast system, the solution W opt k is not unit-rank in general due to the rank relaxation. To address this issue, we adopt a widely accepted Gaussian randomization approach [23] . In particular, a set of candidate Gaussian vectors ŵ g,k G g=1 is generated using W opt k where G is the number of used randomization. The larger the value of G is, the higher the accuracy of randomization will be but with a higher computational complexity.
The procedure of Gaussian randomization is summarized as follows. Firstly, we calculate the eigenvalue decomposition of
and the candidate vectors can be computed as [26] 
where U and is defined in (21) , and v k ∼ CN (0, I) is a Gaussian distributed random vector. The first step is repeated G times to generate G candidate vectors for each user cluster. Secondly, an additional optimization step is introduced to guarantee the feasibility of the original problem [9] . For a specific Gaussian realization ŵ k K k=1
, the problem to redistribute power among candidate precoding vectors can be formulated as follows
where p k is the power scaling factor for cluster k. Using an approximation of the average SINR expression [14] , [24] , we can further transform problem S into the following problem
Note that problem S Q is a linear programming problem for given ŵ k and can be efficiently solved. Then the corresponding precoder can be obtained as w * k = √ p kŵk , ∀k. Finally, among the feasible candidates w * k , the one with the optimal objective value is selected as the precoding vector for user cluster U k .
D. USER CLUSTERING
Typically a large number of users can lie in the coverage area of a multi-beam satellite and user clustering is of practical importance. In the existing satellite communication standards, clustering strategies are usually designed based on the channel quality and traffic demand [5] , [6] . As mentioned previously, perfect CSIT is difficult to obtain in satellite communication systems due to the long propagation delay, 
Algorithm 1 User Clustering Algorithm

Input:
Clustering number K ; Known estimated channel vectorsĥ m , m = 1, ..., N u ; Output:
User clusters U 1 , ..., U K ; 1: Initialize the user cluster U m = {m}, m = 1, ..., N u and the clustering number N = N u . 2: while N > K do 3: Calculate the average Euclidean distance between each pair of clusters according to (25) . 4: Merge the pair of clusters with the minimum Euclidean distance into a larger cluster. 5 :
which is not considered in conventional user clustering policies [7] , [15] . By taking the imperfect CSIT into account, we investigate user clustering in this subsection.
We first investigate the impact of user clustering on the multigroup multicast transmission performance. Specifically, we focus on the metric of approximated average SINR defined in (16) . The impact of user clustering on the performance of the approximated average SINR is presented in the following proposition.
Proposition 3: The approximated average SINR defined in (16) can be maximized provided that the estimated channel vectors of the users in the same cluster are linearly dependent while those in different clusters are mutually orthogonal.
Proof: Please refer to Appendix C. Proposition 3 provides the condition that the channel estimates should satisfy to maximize the average SINR. Motivated by Proposition 3, we propose to perform user clustering via evaluating the orthogonality between different user clusters. There exist three clustering criteria to measure the orthogonality of two clusters, namely single-link, complete-link and average-link [27] . In the first two clustering metrics, the two clusters with the smallest minimum and maximum pairwise distance are merged into one larger cluster, respectively, while the average-link clustering measures the average distance between clusters U k and U as follows
where d(ĥ i ,ĥ j ) is the Euclidean distance between channel vectorsĥ i andĥ j defined as
Note that the smaller the Euclidean distance in (26) is, the more linearly dependent the two vectors will be. Among the above three criteria, the average-link is shown to perform best, as will be seen in the simulation results in Section IV-B. Thus, we adopt the average-link clustering criterion in (25) and the result in Proposition 3 to perform user clustering. Specifically, we propose a user clustering algorithm based on the agglomerative hierarchical clustering approach [27] . The main idea is to cluster users with small Euclidean distance into the same group. Detailed description of the algorithm is given in Algorithm 1. To illustrate our algorithm clearly, an example clustering process is provided as follows with thirty-five users. Following Algorithm 1, the hierarchical binary cluster tree is depicted in Fig. 2 . The numbers along the horizontal axis represent the indices of user clusters and the links between different user clusters are represented as upside-down U-shaped lines. The height indicates the average Euclidean distance between a pair of user clusters. For example, the cluster containing user 22 together with users 26, 33, 12, and 5 (which are already merged into a cluster) has an average Euclidean distance of 0.32. The tree is a multilevel hierarchy, where clusters at one level are joined as clusters at the next level. This allows us to decide the level to be terminated. Specifically, when the number of user clusters is set to 7, the program will exit at the location shown at the dotted line in Fig. 2 . The clustered users under the beam coverage area is shown in Fig. 3 . Note that thirty-five users are clustered into seven groups, each served by one beam.
IV. SIMULATION RESULTS
In this section, simulation results are provided to illustrate the performance of the proposed approach of robust multigroup multicast transmission for frame-based multi-beam satellite communication systems. We also adopt conventional precoding without considering the outdated CSIT for performance comparison.
A. SIMULATION SETUP
We present simulation setup parameters for framebased satellite communication systems in this subsection. We assume that the channel phase error variances for different users are the same, i.e., σ 2 i = σ 2 . The number of beams is set as 7. We assume that a total of 35 users are uniformly distributed in the coverage area.
The beam gain from the jth beam to the ith user can be approximated by [21] 
where G j T is the transmit antenna gain for the jth beam, J 1 (·) and J 3 (·) are the first and third order Bessel functions of the first kind, respectively. Note that u i,j in (27) is given by where θ i,j is the off-axis angle between the ith user and the center of the jth beam, θ j,3dB is the 3 dB angle of the jth beam which is considered to be constant. The scale parameter ψ i in (2) is defined as [14] 
where (υ/4π f d 0 ) 2 is the free space loss, υ is the speed of light, f is the carrier frequency of downlink, d 0 is the orbital height, G r,i is the user's receive antenna gain, κ is the Boltzmann's constant, T is the receive noise temperature, and B is the noise bandwidth. We normalize the noise power by κBT , hence N 0 is assumed to be one. Related parameter values are listed in Table 1 .
The multicast transmission performance depends on the lowest user's SINR in each cluster [15] . The achievable multicast rate in cluster k is given by
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where N k is the number of users in cluster k.
B. NUMERICAL RESULTS
We first evaluate the system throughput performance of the average-link user clustering algorithm listed in Algorithm 1 and compare them with that of single-link and complete-link clustering in Fig. 4 . It can be observed that the average-link clustering outperforms both the single-link and complete-link clustering, which is rational since the distribution of users in each cluster is not fully considered in the latter two metrics. Therefore, we adopt the average-link clustering criterion in later simulation. The achievable rate performance of the proposed robust approach and conventional precoding are compared in Fig. 5 .
It can be observed that the proposed robust approach shows performance gains over the conventional precoding in terms of the per user achievable rate, and the gains become larger as the channel phase channel phase error variance becomes larger. Specifically, for the case with σ 2 = 30
• , the robust precoding provides approximately 40% of rate gain over the conventional precoding. Moreover, larger channel phase uncertainty leads to overall performance degradation for both approaches.
In Fig. 6 , the cumulative distributions of SINR are depicted. It can be observed that the proposed robust approach improves the SINR distribution range significantly and the performance gain is larger with higher channel phase error variance. Specifically, for the case with σ 2 = 30 • , the robust approach can provide about 1.5 dB in average SINR gains over the conventional approach, while this result for σ 2 = 5 • reaches approximately 0.5 dB.
V. CONCLUSIONS
In this paper, we have proposed the robust frame-based precoding and user clustering in the multicast multi-beam satellite communication systems. We first considered the multicast max-min fair optimization problem under the per beam power constraints by taking the outdated CSIT into consideration. Through transformation, we obtained the optimal precoder by solving the equivalent power minimization problem. Moreover, user clustering with partial CSIT was adopted to maximize the precoding performance. Simulation results showed that compared with the conventional approach, the proposed robust transmission mitigates the effect of outdated CSIT and provides significant performance gains.
APPENDIX A PROOF OF PROPOSITION 1
It is not difficult to show that the diagonal elements of A i equal to one. We then investigate the non-diagonal elements. The (m, n)th element of A i for m = n is given by
With the property of the characteristic function of Gaussian distribution [28] , we can obtain that E exp − e i,n = exp −σ 2 i /2 for ∀n. Thus, [A i ] m,n = exp −σ 2 i for m = n. This concludes the proof.
APPENDIX B PROOF OF PROPOSITION 2
Our proof follows a similar approach as that in [12] and adopts the contradiction. We first show (11) . Let {w F k } K k=1
and t * = F(v, p) denote the optimal solution and associated optimal value of problem F in (9), respectively. In addition, letr = Q(t * v, p) be the optimal value of problem Q with the corresponding precoders given by {w
. Since the optimal vectors {w F k } K k=1 satisfy the feasibility criteria of VOLUME 6, 2018 problem Q, we can conclude thatr ≤ 1. Assuming that r < 1, the solution {w
can be scaled by a positive constant c > 1. Therefore, {cw Q k } K k=1 are feasible solutions to problem F and a higher objective value can be derived thus contradicting the hypothesis. Thus, we obtain thatr = 1.
A similar procedure can be used to prove (12) . Let r * = Q(tv, p) and {w Q k } K k=1 denote the optimal value and associated optimal solution of problem Q, respectively. Then {w Q k } K k=1 is a feasible solution to problem F(v, r * p). By denoting {w F k } K k=1 andt as the optimal solution and optimal value of F(v, r * p), respectively, we can conclude thatt ≥ t. For the case witht > t, it is possible to find a constant c < 1 to scale down {w F k } K k=1 , then the resulting set {cw F k } K k=1 has a smaller objective value than r * , which contradicts the optimality. As a result, we can obtain that t = t. This concludes the proof.
APPENDIX C PROOF OF PROPOSITION 3
From (16), we can know that in order to maximize SINR i for a given user i ∈ U k , we should maximize E{Tr(R i W k )} as well as minimize E{Tr(R i W )} for ∀ = k.
Note that E{Tr(R i W k )} can be upper bounded by
where (a) follows from (4), (b) follows from the definition of Hadamard product, (c) follows from (7), (d) follows from the Cauchy-Schwarz inequality [29] and the equality in (d) can be achieved provided that the precoder of the kth cluster w k is proportional toĥ i , which is the estimated channel vector of user i ∈ U k . Thus, we can obtain that the estimated channels of the users in the same cluster should be linearly dependent to maximize E{Tr(R i W k )}. In addition, we can observe from (c) in (33) that E{Tr(R i W )} can be minimized provided that the precoder of the th cluster w is orthogonal to the estimated channel h i for user i / ∈ U . Thus, we can obtain that the estimated channels of the users in different clusters should be mutually orthogonal to minimize E{Tr(R i W )}. This concludes the proof.
